Functional and morphologic measurements were performed in Munich-Wistar rats after a single central venous injection of puromycin aminonucleoside (PA) or saline vehicle (sham). During phase I, PA rats exhibited overt nephrotic syndrome and impaired glomerular filtration, primarily due to a reduction in the glomerular capillary ultrafiltration coefficient. The morphologic counterpart of the latter consisted of effacement of glomerular epithelial cell foot processes and decrease in the number of filtration slit diaphragms. Administration of the angiotensin I converting enzyme inhibitor (CEI) enalapril to PA rats did not ameliorate glomerular dysfunction. During phase II, PA rats exhibited spontaneous resolution of proteinuria, impaired function, and morphologic abnormalities. However, PA rats now demonstrated marked glomerular capillary hypertension and continued, albeit lesser, reductions in the ultrafiltration coefficient. Concurrent CEI administration modestly lowered systemic arterial pressure, and normalized the glomerular capillary hydraulic pressure and ultrafiltration coefficient. Additional rats were studied during phase III, 70 wk after injection. In PA rats, prior glomerular hypertension was associated with development of recurrent proteinuria and extensive glomerular sclerosis, whereas concurrent CEI administration limited these parameters to values comparable to those in sham rats. Glomerular hypertension thus may explain the development of glomerular sclerosis and renal failure long after an episode of acute glomerular injury.
Introduction
Although acute glomerular injury has been extensively investigated, few studies have examined the mechanisms involved in the transition from the acute injury phase to the later development of glomerular sclerosis and loss of renal function. A potentially revealing model of evolving glomerular injury has recently been reported by Diamond and Karnovsky (1) . A single jugular venous injection of puromycin aminonucleoside glomerular injury that are characterized by single nephron hyperfiltration, hyperperfusion, and hypertension (5) (6) (7) (8) (9) (10) . In other circumstances, however, renal insufficiency and glomerular sclerosis eventuate in the absence of any phase of single nephron hyperfiltration. Impaired single nephron filtration is the rule in experimental glomerulonephritis (11) (12) (13) (14) , and also presumably in clinical glomerulonephritis. In some circumstances, episodes of clinical glomerulonephritis may be followed by a lengthy period of relatively quiescent disease, without ongoing immunologic activity, which is nonetheless followed by late deterioration ofrenal function (15) . Accordingly, the purpose of this study was to characterize the sequential functional and structural parameters in a triphasic model of renal injury, and particularly to evaluate the potential hemodynamic contribution, and possible beneficial effect of pharmacologic therapy, to the late sequellae of glomerular injury.
Methods
Three groups of adult male Munich-Wistar rats, with initial weights of 220-260 g, were studied. Under Brevital anesthesia (50 mg/kg i.p.), the right jugular vein was cannulated and injected with either 3 ml of saline vehicle (sham) or 50 mg/kg PA (Sigma Chemical Co., St. Louis, MO) dissolved in 3 ml of saline, given as a single injection over 3 min (1) . All rats received standard rat chow. Half the PA-injected rats received no therapy, and half (designated PA/converting enzyme inhibitor [CEI] ) were treated with the angiotensin I CEI, enalapril (Merck, Sharp & Dohme, West Point, PA), at a dose of 50 mg/liter in the drinking water starting 1 wk before PA injection. The enalapril dose was raised to 100 mg/liter in the latter part ofthe study to provide continuing blood pressure control as body weight increased. Part I: acute phase studies. Pilot studies established that this PA regimen produced overt nephrotic syndrome during the first 1-3 wk after injection. Further evaluation ofthe nephrotic syndrome was performed in three groups of rats (sham, PA, and PA/CEI, each n = 10-1 1). 2 wk after injection, rats were placed in metabolic cages and 24-h urine collections were obtained for determination of protein excretion (UpOtV) rates. 4 d later, the rats were fasted overnight, and the next morning tail venous blood was obtained for determination of serum cholesterol and triglyceride levels. Approximately 4 d later, the rats were decapitated and trunk blood was collected for determination of serum albumin level and plasma renin concentration (PRC).
Three additional groups of rats (each n = 5-9) underwent renal function studies during the acute nephrotic syndrome. At 2 wk after injection, sham and PA rats underwent measurements ofwhole kidney and glomerular hemodynamics, as described below. PA/CEI rats underwent measurement of whole kidney parameters only. Immediately after the functional studies, the kidneys were perfusion fixed for morphologic examination as described below.
Part II: recovery phase studies. Identical protocols for characterization of systemic parameters were carried out in three similarly prepared groups of rats (each n = 1 1-12) studied 8-10 wk after injection, after resolution of renal insufficiency and nephrotic syndrome. Another three groups of similarly prepared rats (each n = 8-9) then underwent micropuncture studies at 8-10 wk, after which the kidneys were perfusion fixed for morphologic examination.
Further studies were performed in 10 additional rats that had received PA injections 8-10 wk previously, to investigate the role of angiotensin II as a hemodynamic mediator in phase II. In halfthe rats, micropuncture measurements were performed under baseline conditions, after which an intravenous infusion of the angiotensin II receptor antagonist saralasin was begun at a rate of0.3 mg/kg per h. 30 min later, during the continuous infusion, micropuncture measurements were repeated. The remaining rats received a normal saline infusion and served as time controls.
Part III: chronic phase studies. Three additional groups of rats (each n = 8-13) were followed for 70 wk after injection, with monthly determinations of UpV and systolic blood pressure (SBP) by the tail cuff method (16) . At 70 wk, renal function studies were performed in some of the rats, and all rats were killed for morphologic examination.
Micropuncture studies. Rats were anesthetized with 100 mg/kg i.p. Inactin and placed on a temperature-regulated table. The left femoral artery was catheterized, and a baseline collection of 0.28 ml of blood was obtained for measurement of plasma sodium, potassium, and hematocrit (Hct). This arterial catheter was used for subsequent periodic blood sampling and estimation of mean arterial pressure (AP) via an electronic transducer connected to a direct-writing recorder. After tracheostomy, venous catheters were inserted for infusions of inulin, para-amino hippurate (PAH), and plasma. Intravenous infusions ofrat plasma, and 4-10% inulin solution with 1.5-4% PAH in 0.9% NaCl, were started at rates of 6.0 and 1.2 ml/h, respectively. The lower concentrations of inulin and PAH were used in the nephrotic rats, with renal insufficiency, to ensure appropriate plasma concentrations of these substances. The left kidney was exposed and suspended on a lucite holder, and its surface was illuminated and bathed with isotonic saline. The left ureter was catheterized for urine collections.
As the plasma volume of rats prepared for micropuncture is reduced by 20% (17), euvolemia was maintained using the following protocol. Isoncotic rat plasma was infused at 0.1 ml/min in a total amount equal to 1% of the body weight, followed by a reduction in infusion rate to 1.6 ml/kg per h, to maintain the Hct constant. Sham rats received normal plasma, and PA rats received plasma from nephrotic rats that had been injected with PA 2 wk previously. For calculation of single nephron (SN) glomerular filtration rate (GFR), exactly timed samples of tubule fluid were collected for determination of flow rate and inulin concentration. Samples of efferent arteriolar blood were obtained for determination of protein concentration. Coincident with these collections, 0.21 ml ofarterial blood was obtained in each period for determination of Hct and plasma concentrations of inulin, PAH, and protein, and 15-40-min urine collections were obtained for determination of flow rate and inulin and PAH concentrations. These measurements permitted calculation of GFR (inulin clearance) and renal plasma flow (RPF) (PAH clearance) by standard formulas. Time-averaged hydraulic pressures were measured in surface glomerular capillaries, proximal tubules, and efferent arterioles with a servo-null micropipette transducer system (Instrumentation for Physiology & Medicine, San Diego, CA). In nonnephrotic rats, colloid osmotic pressure of plasma entering and leaving glomerular capillaries was estimated from values for protein concentration in femoral arterial (representing afferent arteriolar) and efferent arteriolar plasma samples using the equation derived by Deen et al. (18) . These estimates of pre-and postglomerular plasma protein concentration permit calculation of SN filtration fraction (FF), glomerular capillary ultrafiltration coefficient, and afferent and efferent arteriolar blood flow rates and resistances, using equations previously described (18) . In nephrotic rats, lipemic serum renders this protein determination method inaccurate, and therefore FF in nephrotic rats was derived from inulin and PAH clearances. For purposes of consistency, SNFF in all phase I rats was calculated from inulin and PAH clearances, corrected for PAH extraction. Arterial albumin concentration was determined by radial immunodiffusion (19) , total protein was calculated using measurements ofthe albumin/globulin ratio derived from serum protein electrophoresis, and efferent arteriolar protein concentration was calculated from these measurements. Values for arterial and efferent arteriolar colloid osmotic pressures were then calculated using equations recently derived for nephrotic rats (20) .
Morphology. Kidneys were perfused via an infrarenal aortic cannula with 0.1 M cacodylate buffer containing 5% sucrose (pH 7.4) for 2-3 min, followed by 2% glutaraldehyde in 0.1 M cacodylate buffer for 1-2 min. Both kidneys were removed, sectioned coronally, and immersed in 2% glutaraldehyde in cacodylate buffer for an additional 2 h. After fixation, 1-2-mm cortical sections were prepared from coronal sections and, along with the midcoronal sections, rinsed for 2 h in 0.1 M cacodylate buffer with 5% sucrose (pH 7.4), embedded in Epon, and prepared for light and electron microscopy. Thick sections, approximately 1 gm, were stained with 1% toluidine blue, a modified polychrome stain (21) , or phosphotungstic acid-hematoxylin, and viewed with a Leitz photomicroscope. Thin sections (60-80 nm) were stained with 4% aqueous uranyl acetate and lead citrate, and examined with an AEI electron microscope. Midcoronal sections of the whole kidney were embedded in paraffin, treated with sodium borohydride (22) , and then stained with periodic acid-Schiff (PAS) or phosphotungstic acidhematoxylin.
Mesangial foam cells were defined as mesangial cell nuclei surrounded by cytoplasmic fat vacuoles, which are Oil Red 0 positive in frozen section. Mesangial cellularity was assessed by counting the number of cell nuclei in each mesangial region, with nuclear counts greater than three per region considered to represent segmental mesangial hypercellularity. A mesangial region was defined as that mesangial area corresponding to an adjacent capillary loop, as viewed at high magnification (X 40). Glomerular sclerosis was defined as loss of cellular elements from the capillary tuft, collapse of the capillary lumina, and folding of the glomerular basement membrane with entrapment of amorphous material. Hyalinosis was defined as rounded or crescentshaped foci of strongly eosinophilic material on PAS staining, usually subendothelial in location, which occurred in the capillary tuft with or without the sclerotic changes. On average, 345 glomeruli per animal were evaluated and the percentage of sclerotic glomeruli was expressed as a percentage of the total number of glomeruli counted.
Analytical. The volume of fluid collected from individual proximal tubules was estimated from the length of the fluid column in a constant bore capillary tube of known internal diameter. The tubule fluid inulin concentration was measured by a microfluorescence method (23) . Inulin concentrations in plasma and urine were measured using a macro-anthrone method (24) , and PAH concentrations were measured by the method of Smith et al. (25) . Protein concentrations in nonnephrotic rats were determined using the fluorometric method developed by Viets et al. (26) . Urinary protein concentration was measured by precipitation with 3% sulfosalicylic acid (27) . Sodium and potassium concentrations were measured by flame photometry. Serum albumin was measured using radial immunodiffusion (19) . Cholesterol and triglycerides were measured using a colorimetric method (Sigma Chemical Co.). PRC was determined by incubating 0.1 ml of rat plasma with 0.1 ml rat anephric plasma and 0.4 ml of 0.2 M maleate buffer, pH 6.0 at 370 for 1 h. Appropriate dilutions of rat plasma samples were made using Tris buffer. The generation of angiotensin I was then determined by RIA using commercially available reagents (New England Nuclear, Boston, MA).
Statistical. Statistical analysis was performed by unpaired t test or one-way analysis of variance followed by computation of modified t values and multiple pairwise comparisons according to the method of Bonferroni (28), as appropriate. Analysis of the two-period saralasin studies was performed using the paired t test. Statistical significance was defined as P < 0.05.
Results
Phase I studies Characterization of the nephrotic syndrome. Central venous injection of PA produced an overt nephrotic syndrome and a mortality rate of 15-20% within the first 3 wk after injection. Surviving rats experienced dramatic weight gains of 50-80 g, during which time edema and ascites were prominent. Laboratory evaluation further confirmed the presence of the nephrotic syndrome, as is demonstrated in the left panel ofTable I. Values for body weight were slightly but not significantly higher in the PA rats at the time of killing. UprtV, cholesterol, and triglycerides were markedly elevated in nephrotic rats, whereas values for serum albumin were severely depressed as compared with those in sham rats. This model thus mimics many aspects of the clinical nephrotic syndrome, and clearly represents a true nephrotic state, as contrasted with that seen with other PA dosage regimens, in which animals were not hypoalbuminemic (1 1, 12) . Values for PRC were slightly but not significantly reduced in PA rats, whereas inhibition of angiotensin I converting enzyme was confirmed by markedly elevated values for PRC in those rats receiving CEI.
Serum protein electrophoresis measurements performed in sham (n = 5) and PA (n = 6) rats revealed significant reductions in both total protein (shams, 6.0±0.2; PA, 4.3±0.2 g/dl) and albumin (3.3±0.3 vs. 1.1±0.1 g/dl) concentrations, thus resulting in a significantly decreased albumin/globulin ratio in the PA rats (0.33±0.03) as compared with the sham rats (1.2±0.1). In the PA rats, values for the a,-globulin fraction were markedly elevated, a2 slightly increased, and the remaining fractions decreased, as compared with the sham rats.
Renalfunction studies. Whole kidney parameters in sham, PA, and PA/CEI rats studied at 2 wk are given in the left panel ofTable II. Body wejghts were comparable in the three groups.
Values for Hct and AP were comparable in sham and PA rats, but Hct significantly and AP numerically lower in PA/CEI rats. The GFR was markedly and similarly depressed in PA and PA/CEI rats. Because values for RPF were only slightly lower in these two nephrotic groups, FF was markedly reduced. Note that renal extraction of PAH averaged 90±1% in sham rats, but was reduced in nephrotic rats, averaging only 50±7% in the latter. The nephrotic state resulted in electrolyte abnormalities, with PA/CEI rats exhibiting hyponatremia, and both nephrotic groups characterized by hyperkalemia and renal sodium retention, as compared with sham rats. Thus, phase I is characterized by severe renal insufficiency, and administration of CEI had no ameliorative effect on indices of nephrotic syndrome or functional insufficiency.
Mean values for SNGFR, and the pressures, flows, and resistances governing glomerular ultrafiltration in sham and PA rats studied 2 wk after injection are summarized in the upper portion of Table III , and partially depicted in Fig. 1 . Approximately 36% of the experiments begun in nephrotic rats could not be completed, due to hypotension, hypercoagulability precluding patency of vascular catheters, and/or respiratory insufficiency due to massive pleural effusions. These difficulties were particularly prominent in the relatively hypotensive PA/CEI rats, which were therefore not subjected to micropuncture study. Thus, only those rats (presumably the least compromised by the nephrotic syndrome) that were stable throughout the procedure were evaluated and reported here. In accord with previous micropuncture studies ofPA (1 1, 12) , values for SNGFR were markedly depressed in PA rats. SN hypofiltration in the nephrotic rats could not be attributed to a reduction in glomerular plasma flow rate (QA), since these values were comparable in the two groups, resulting in a marked reduction in SNFF in the nephrotic rats. Nor were there any differences in the glomerular capillary hydraulic pressure (PGc), proximal tubule and efferent arteriolar hydraulic pressures, or the mean glomerular transcapillary hydraulic pressure gradient (AP). Values for afferent, efferent, and total arteriolar resistances were also comparable in the two groups. Values for afferent and efferent arteriolar total plasma protein concentrations were significantly lower in the nephrotic rats. The highly abnormal albumin/globulin ratio resulted in significantly reduced values for afferent and efferent colloid osmotic pressures. Reduction of SNGFR in the nephrotic rats resulted primarily from a marked reduction in values for Kf, the glomerular capillary ultrafiltration coefficient, which averaged only 21% of that measured in sham rats (P < 0.001). Because all rats were in filtration pressure disequilibrium, unique values for Kf could be calculated. Although more extreme, this hemodynamic pattern of decreased SNGFR, SNFF, and Kf is similar to that reported in nonnephrotic rats administered lower doses of PA (1 1, 12) . 2 The role of reduced serum albumin and plasma oncotic pressure was further addressed in studies of four nephrotic rats which received normal plasma, rather than nephrotic plasma, to replace surgical losses during the experiment. In these rats, values for serum protein concentration were raised toward (5.0±0.3 g/dl) although not to normal levels. Whereas values for SNGFR (16±3 nl/min) and QA (110±27) remained comparable to those in the previously described rats, values for PCC (52±2 mmHg) and AP (39±1 mmHg) were slightly higher than those measured in sham rats (Table III) .
Morphologic studies. Morphologic examination in phase I revealed normal glomerular and tubular architecture in sham rats (Fig. 2) . Severe morphologic injury was evident in the PA rats. As is illustrated in Fig. 3 ties included glomerular visceral epithelial cell bleb formation and vacuolization, mild mesangial expansion, and mesangial foam cell accumulation. Areas of tubule collapse, tubule dilatation and cast formation, and interstitial edema were also evident. Transmission electron microscopy revealed extensive spreading of foot processes, as described in previous studies of PA (29) . Morphologic appearance was not appreciably different between PA and PA/CEI rats.
Phase II studies Spontaneous resolution of the nephrotic syndrome. During phase II, at 8-10 wk after injection, all stigmata of the nephrotic syndrome had resolved in the PA and PA/CEI rats. As summarized in the right panel of (Fig. 1 B) Because the intraglomerular hemodynamic pattern seen in PA rats during phase II was reminiscent of that produced by angiotensin 11 (30) , and because chronicCET therapy yielded a hemodynamic pattern that was consistent with suppression of angiotensin TI, further studies of the potential role of this hormone in mediating these hemodynamic changes were performed with saralasin. As (Fig. 1 A) , and the glomerular transcapillary hydraulic pressure gradient (AP) and capillary ultrafiltration coefficient (Kf) (Fig. 1 B) Finally, micropuncture measurements in small numbers of PA (n = 5) and PA/CEI (n = 6) rats indicated that the values for Pcc that had been measured during phase II persisted during the 70 wk of study. In phase III, PA rats exhibited continued glomerular hypertension, with values for PGc averaging 65±1 mmHg, whereas glomerular hypertension remained absent in PA/CEI rats (49±1, P < 0.001 vs. PA). Glomerular hypertension thus was sustained throughout the course of the study in PA rats, whereas CEI therapy resulted in complete and sustained prevention of glomerular capillary hypertension.
Morphology. Recurrent proteinuria in the PA rats was accompanied by significant morphologic injury. As is depicted in Fig. 5 , both segmental and global glomerular sclerosis and hyalinosis were prominent in the PA rats. The former pattern was, by far, the more common one. There were no differences in degree of involvement between the outer cortical and juxtamedullary areas. Tubulointerstitial abnormalities, including fibrosis, were present in both PA and PA/CEI groups, though less severe in the CEI-treated rats. Quantitatively, individual values for the percent of glomeruli with sclerosis are depicted in Fig. 6 . Sham rats exhibited a slight degree of glomerular sclerosis (2.3±0.6%) due to normal aging, whereas glomerular injury was striking in PA rats, with 19 .5±3.2% of glomeruli exhibiting sclerosis (P < 0.Q01 vs. sham rats). In contrast, segmental sclerosis was found in only 4.3±0.6% of glomeruli in PA/CEI rats (P < 0.001 vs. PA), a value comparable to that seen in the aging sham rats that had never incurred renal injury. As is depicted in Fig. 7 , linear regression analysis confirmed that values for Upr.,V predicted structural injury, with a clear correlation between values for UprotV and glomerular sclerosis in individual rats.
Discussion
These studies describe a model of triphasic renal injury, consisting of an acute nephrotic phase, a phase of apparent functional and morphologic recovery, and a late phase characterized by recurrent proteinuria and glomerular sclerosis. Severe renal insufficiency and overt nephrotic syndrome differentiate this model from that seen with other PA dosage regimens. When PA is administered by unilateral renal artery perfusion (12) or repeated subcutaneous injections (11, (32) (33) (34) , modest proteinuria and renal insufficiency are not accompanied by systemic nephrotic syndrome. In this study, massive protein- uria was associated with severe renal insufficiency, and other manifestations including edema, ascites, hypercholesterolemia, hypoalbuminemia, sodium avidity, and hypercoagulability, all common features of clinical nephrotic syndromes. This model also differs from that produced by adriamycin, which induces nephrotic syndrome but not severe renal insufficiency (35, 36) , and from other experimental glomerulonephritides (13, 14) , which feature renal insufficiency but not nephrotic syndrome. Interestingly, this model also differs from that which occurs using the same PA dosing regimen in Sprague-Dawley rats (1) (2) (3) (4) , in that the Munich-Wistar rats exhibit markedly more severe renal insufficiency, morphologic injury, and nephrotic syndrome than do the apparently less susceptible Sprague-Dawley rats. Although initial (phase I) and recurrent (phase III) proteinuria and glomerular sclerosis are of comparable magnitude in the two strains, the SpragueDawley rat develops sclerosis much earlier, but with negligible tubulointerstitial abnormalities, suggesting differences in both susceptibility to, and sequellae after, acute injury between the two strains.
As in other models of acute glomerulonephritis (13, 14) , the primary abnormality leading to depression of SNGFR during the acute nephrotic phase was a marked diminution in Kf. This virtually universal manifestation ofglomerular injury, which also probably characterizes human glomerulonephritis (37) , is variably accompanied by changes in other determinants of SNGFR. Values for QA, which were normal in this study, may be normal or slightly depressed (1 1-14 (38) . Accordingly, the severely reduced values for WA in the nephrotic rats in this study may have contributed slightly to preservation of SNGFR, but may have also contributed to the marked depression in Kf. Depression of SNGFR due to a predominant reduction in Kf may be partially offset by a concomitant increase in Pcc (13, 14, 35, 36) . In contrast to the findings in these other models of experimental glomerulonephritis, however, glomerular capillary hypertension was not found in earlier studies of nonnephrotic models of PA (11, 12) , nor were values for Pcc substantially elevated in this study. Note, however, that a recent preliminary report indicates that glomerular capillary hypertension may be detected in rats administered PA when studied only 3 d after injection, before the onset ofproteinuria, hypoalbuminemia, and nephrotic syndrome (39) . In this study, in the rats in which plasma protein concentration was slightly raised using normal plasma replacement, values for PGC were modestly but significantly higher than those in sham rats. Finally, acute reduction in 7rA lowers PGc in normal rats (38) . Together, these observations suggest that acute nephrotic syndrome may result in a transient decrease in PGC, but that glomerular hypertension is present both before and after the relatively brief period of overt nephrotic syndrome.
Concurrent CEI administration had no discernible ameliorative effect on the severity of glomerular injury or nephrotic syndrome induced by PA during phase I. These find-.4. after an episode of poststreptococcal glomerulonephritis ( 15) . That hemodynamic abnormalities may be present after episodes ofacute clinical glomerular injury is further suggested by recent observations that the renal functional response to an acute protein load is impaired in apparently normal post-acute glomerulonephritis patients (50), and that in patients with proliferative lupus nephritis, therapy does not fully restore filtration surface area, resulting in persistent hypofiltration and proteinuria, which may lead to glomerular sclerosis and progressive renal failure even in the absence of continuing immunologic activity (51) .
Much recent attention has focused on the possible role of lipids in potentiating glomerular sclerosis (4, (52) (53) (54) . Dietary cholesterol supplementation accelerates development of glomerular sclerosis in this model (4) , whereas late proteinuria is substantially ameliorated when serum cholesterol and triglycerides are reduced with cholestyramine (54 (56, 57) . The more severe hypercholesterolemia thus most likely does not reflect any direct effect of CEI administration.
Similarly, the absence of severe late injury (phase III) in PA/CEI rats despite equivalent degrees of early proteinuria (phase I) and interstitial fibrosis (phase II), suggest that neither ofthese is an invariant predictor ofultimate glomerular sclerosis, as has been previously suggested (32, 58) , or alternatively, that any added risk from these features may be negated by control of glomerular capillary hemodynamic factors. Increased mesangial macromolecular uptake has been implicated in the pathogenesis of glomerular injury in puromycin nephrosis (59) . Of note, angiotensin II infusion increases mesangial uptake in puromycin nephrosis, whereas infusion of saralasin blocks this effect (60) . Conceivably, glomerular hypertension perpetuated by enhanced intrarenal angiotensin II activity predisposes to mesangial macromolecular uptake, and control ofglomerular hypertension with CEI blocks this pathogenetic mechanism, thereby contributing to the observed protective effect.
Finally, these studies indicate that CEI may control glomerular hypertension in a normotensive model of progressive renal disease, a benefit previously demonstrated in normotensive rats with diabetes mellitus (10) . Recent clinical studies indicate that proteinuria may be lessened in normotensive diabetic patients receiving CEI therapy in doses that minimally affect systemic blood pressure (61) . These findings suggest that glomerular hypertension and proteinuria may be a common response to renal injury even in the absence of systemic hypertension, and that therapies that control glomerular hypertension are also of benefit in these circumstances. Further studies evaluating dietary and alternative antihypertensive therapies, and potential vasoactive mediators, will prove useful in further elucidating the role of glomerular capillary hypertension and its determinants, as well as the relative efficacy of CEI as compared with other therapeutic interventions.
In summary, central venous injection of PA produces a triphasic model ofrenal injury. During the initial phase, severe nephrotic syndrome is accompanied by renal insufficiency and morphologic injury. Thereafter, nephrotic syndrome spontaneously resolves, but this recovery period is characterized by glomerular capillary hypertension, which is normalized by CEI therapy. In the long term, this hemodynamic maladaptation leads to recurrent proteinuria and glomerular sclerosis, deleterious consequences that are prevented by CEI. Glomerular hypertension thus may explain the late deterioration observed after apparent recovery from acute glomerular injury.
